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ABSTRACT
Modeling, Design, and Testing of an Underwater
Microactuation System Using a Standard
MEMS Foundry Process
Gregory L. Holst
Department of Mechanical Engineering, BYU
Master of Science
This work presents the modeling, design, and testing of an underwater microactuation system. It is composed of several thermomechanical in-plane microactuators (TIM) integrated with a
ratchet system to provide long displacements and high forces to underwater microelectromechanical systems (MEMS). It is capable of actuating a 200µN load 110µm. It is a two-layer silicon
MEMS device fabricated with a MEMS fabrication process, PolyMUMPS.
This work also shows the development of an elliptic integral model to analyze the compliant fixed-guided beams in the TIM and gives new insight into the buckling behavior, reaction
forces, and displacement of the beams. The derivation, verification, and practical use of the model
are shown in detail. It compares the reaction force predictions from the elliptic integral model with
finite element modeling results over a wide range of non-dimensional displacements and slenderness ratios.
The elliptic integral model was used to design a TIM that can operate in an aqueous environment. It was designed to achieve 9µm of displacement to drive a linear ratcheting mechanism.
The thermal analysis was done in ANSYS using a 3D conduction model to predict the temperature
of the heated beams. The TIM was designed to operate with a peak beam temperature of 100 ◦ C
to prevent damage to the device due to vapor bubble formation. The main actuator showed significant electrolysis due to the high voltages used to drive the system, but otherwise functioned
as predicted. Through the development and testing of the actuation system, quantitative voltage
limits were discovered for underwater actuation systems under which electrolysis and boiling can
be eliminated using alternating current.

Keywords: MEMS, thermal microactuator, underwater actuation, BioMEMS
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CHAPTER 1.

1.1

INTRODUCTION

Background and Motivation
Micro-systems are seeing more widespread use with the demand for smaller consumer and

industrial products. Microelectromechanical systems (MEMS) are a technology that uses photolithography to pattern mechanical and electrical structures on the micron scale. They are often
deposited as layers of polysilicon which can be used to design micro-machines such as photosensors, accelerometers, force sensors, optical switches, and many other devices. One area of MEMS
research is developing devices to manipulate biological organisms (BioMEMS). These devices are
usually submerged in the culture media of the organisms and can act as sensors, cell manipulators,
drug delivery systems, or DNA injection systems. With the many new innovations in BioMEMS,
some applications require an active component. The DNA injection project conducted at Brigham
Young University is a good example. The DNA injector, dubbed the nanoinjector shown in Figure
1.1, is a device that holds a single cell using mechanical graspers and then inserts an injection lance
into the cytoplasm of the cell to transfer the DNA.
The mechanical constraints and lance are designed with access holes that allow the operator
to actuate them using micro-probes attached to micromanipulators. With these tools, an operator
can manually move these devices. However, due to the difference in scale, the devices are often
damaged due to operator error and the process is very slow.
This work presents an electronic actuation system capable of moving the graspers and
nanoinjector in the underwater environment. The actuators are fabricated on the same MEMS
chip using the same processing steps to reduce the cost and complexity of the complete system.
Electronic control helps prevent damage to the device due to operator error and allows automation
of the system to increase the speed and repeatability of the injections. Additionally, electronic
control would allow several injectors to be operated in parallel which would significantly increase
the throughput of the system.
1

Access Hole

Figure 1.1: Scanning electron micrograph of the DNA injection system developed at Brigham
Young University. Image courtesy of Quentin Aten.

There has been a lot of work on underwater actuation including methods such as electrostatic actuation [1, 2], thermal actuation [3, 4], chemical actuation [5] , and electrochemical
actuation [6–8]. Many of these actuation systems rely on non-standard materials or processes that
are not currently found in standard MEMS foundry services. This significantly increases the cost
of the device and limits their compatibility with other BioMEMS devices.
The actuation system presented here and the nanoinjector itself are manufactured using a
standard MEMS fabrication process by a company called MEMSCAP Inc. The specific fabrication
process is called PolyMUMPS which, in summary, deposits two layers of polycrystalline silicon
on a silicon wafer to provide the structural layers needed to create the devices and also has two
sacrificial layers that act as spacers between the two layers of polysilicon. The focus of this work
however is designing an actuator compatible with this two-layer process that can also drive the
nanoinjector underwater. For a detailed explanation of the fabrication steps and design constraints
see [9].

2

1.2

Actuator Concept Selection
There are several challenges with underwater actuation that drove the concept choice and

design of the actuation system. These are explained in detail in Chapter 3. To summarize, high
temperatures cause boiling and high voltages cause electrolysis. Both of these phenomena cause
bubble formation on the actuator which can damage the device. Damage occurs as a result of
surface tension forces or thermal insulation around thermal actuators causing them to overheat. In
addition, these bubbles and high temperatures can damage the biological components in the system
that are in close proximity to the actuators.
Three concepts were compared to find the most promising actuator to power the nanoinjector. The first was a low-temperature thermomechanical in-plane microactuator (TIM) designed
to operate below the boiling temperature of water. The second was a micro-vapor engine which
used boiling and surface tension effects to push a piston out of a boiling chamber. The third was
similar to the low temperature TIM but designed with an enclosure to keep the water from coming
in contact with the high temperature beams in the actuator. These testing of these three designs is
outlined in the next few sections for comparison and the in-depth analysis of the most successful
actuator, the low temperature TIM, is found in Chapters 2 and 3.

1.2.1

Low Temperature TIM
This design converts electrical energy to force and displacement through thermal expansion

of polysilicon beams. This type of actuator is very common in MEMS devices and is typically
operated in air. For this application however, the temperatures of the heated beams are too high
and cause boiling in the water. The TIM was redesigned to use the 80 ◦ C difference between room
temperature and the boiling point of water to prevent boiling on the surface of the beams. With this
small temperature difference, the legs of the TIM were made longer to increase the total thermal
expansion of the actuator. The design and testing of the actuator and actuation system are shown
in more detail in Chapter 3.

3

Shuttle

Heating Element
Chamber

Pistons

(a) Microscope image of a micro-vapor engine.

V+
Chamber

Shuttle

Heating Element

(b) Drawing of micro-vapor engine with labeled components.

Figure 1.2: Micro-vapor engine concept.

1.2.2

Micro-Vapor Engine
Figure 1.2 shows a micro-vapor engine similar to the one developed by Sandia National

Laboratories. As current passes through the heating element in the vapor engine it creates a bubble
inside the chamber. As the bubble grows, surface tension from the bubble exerts a force on the
three beams attached to the shuttle to push them out of the chamber. While a single vapor engine
like the one in Figure 1.2 did function, the force output from a single engine was too small to drive
the nanoinjector. Several engines were configured in parallel to increase the force capacity but
the increased surface area of a larger suspension and interconnecting structure also increased the
friction and ultimately prevented the device from moving.

4

The second challenge with the vapor engines was that the heating elements were somewhat
unreliable. This is likely due to the thermal insulation provided by the vapor bubble in the chamber.
If the vapor surrounds the heating element, it can cause the element to overheat if a constant heating
current is maintained.

1.2.3

TIM-in-a-box
The third concept tested was a design called the TIM-in-a-box. It was simply a TIM with a

box surrounding it to prevent water from gaining access to the heated beams. This allows the TIM
to operate at much higher temperatures without the risk of boiling or electrolysis. However, the
box designed in PolyMUMPS was unable to reliably prevent the water from accessing the TIM due
to surface tension effects and unavoidable holes in the sides of the box. Hydrophobic and sealant
materials were applied to help seal the box but they also gained access to the TIM inside the box
and, when cured, prevented motion entirely. In addition, the added post-processing steps of adding
a sealant or hydrophobic material offset the benefits of using a standard manufacturing process and
could interfere with the processing required by the BioMEMS device it is trying to drive.

1.3

Thesis Outline
The remainder of the work presented here covers the modeling, design, and testing of the

low temperature TIM and complete actuation system. Chapter 2 covers the model development
for the TIM and chapter 3 explains the design process and testing of the actuation system. These
chapters have been published or submitted for publication in various venues including the ASME
Design Engineering Technical Conferences & Computers and Information in Engineering Conference, the Journal of Mechanical Design, and the ASME International Mechanical Engineering
Congress & Exposition. They are included here as they were published or submitted for publication.
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CHAPTER 2.
MODELING AND EXPERIMENTS OF BUCKLING MODES AND DEFLECTION OF FIXED-GUIDED BEAMS IN COMPLIANT MECHANISMS1

This chapter contains the mechanical modeling of the TIM using elliptic integrals. It compares the elliptic integral model to finite element analysis and compares their accuracy. This model
is used later in Chapter 3 to design a TIM that can operate underwater. This chapter was submitted
to the Journal of Mechanical Design and is presented here with only minor modifications.

2.1

Abstract
This paper explores the deflection and buckling of fixed-guided beams used in compliant

mechanisms. The paper’s main contributions include the addition of an axial deflection model to
existing beam bending models, the exploration of the deflection domain of a fixed-guided beam,
and the demonstration that non-linear finite element models typically incorrectly predict a beam’s
buckling mode unless unrealistic constraints are placed on the beam. It uses an analytical model for
predicting the reaction forces, moments, and buckling modes of a fixed-guided beam undergoing
large deflections. The model for the bending behavior of the beam is found using elliptic integrals.
A model for the axial deflection of the buckling beam is also developed. These two models are
combined to predict the performance of a beam undergoing large deflections including higher
order buckling modes. The force vs. displacement predictions of the model are compared to the
experimental force vs. deflection data of a bistable mechanism and a thermomechanical in-plane
microactuator (TIM). The combined models show good agreement with the force vs. deflection
data for each device.
1 THIS

CHAPTER WAS PRESENTED AND PUBLISHED IN THE ASME DESIGN ENGINEERING TECHNICAL CONFERENCES & COMPUTERS AND INFORMATION IN ENGINEERING CONFERENCE IN MONTREAL, CANADA, AUGUST 2010 (DETC2010-29076) AND ACCEPTED FOR PUBLICATION IN THE JOURNAL OF MECHANICAL DESIGN (NO. MD-10-1495) AT THE TIME OF WRITING.
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2.2

Introduction
Compliant mechanisms are kinematic mechanisms whose motion is derived from the de-

flection of flexible members rather than rotation of pin joints with rigid links. Compliant mechanisms have been used to replace rigid body mechanisms to reduce their cost and improve their
performance due to lower part counts, increased precision, and reduced wear [10]. One example of
the effective use of compliant mechanisms is in microelectromechanical systems (MEMS) [11–13].
There are several modeling techniques used to predict the performance of these mechanisms, including the pseudo rigid body model (PRBM) [10, 14], elastic beam bending solutions [15–17], elliptic integral solutions [10, 18–21], and finite element models [22–24]. These
have provided an increased insight into the behavior of compliant mechanisms by predicting the
reaction forces and moments for different arrangements of flexible beams.
This paper will focus on the modeling of fixed-guided beams used in compliant mechanisms such as bistable mechanisms and thermomechanical microactuators [14, 15, 20, 22, 25, 26].
The PRBM accurately predicts the motion of fixed-guided beams but is limited to first
mode bending in its accuracy [17]. Non-linear finite element models can predict higher-order
modes of buckling, but they often predict the wrong buckling mode (third or higher instead of the
more realistic second mode seen in practice). To correct this error, an offset force has been applied
to bias the buckling of the thin beam [22]. The biasing force corrects the buckling mode but
can add an unrealistic loading condition to the model. In this paper we utilize an elliptic integral
model for a beam with a fixed-guided end condition derived from the general solution in [18]. A
similar derivation by Zhou et. al. uses a numerical approximation instead of elliptic integrals for
the fixed-guided configuration [27]. This paper also adds a model of axial beam deflections to
more accurately predict the onset of buckling. The model presented here predicts the motion of
a fixed-guided beam in both first, second, and higher bending modes and is capable of accurately
predicting which mode corresponds to a given beam end displacement. A novel contribution of
this paper is the insight gained into buckling behavior of fixed-guided beams as a function of
end displacement. The behavior over a wide range of deflections is explored, rather than limiting
deflection to a single line as been done in the past [27]. This shows the determination of zones of
deflection leading to first or second mode bending. This paper concludes by comparing the force
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ψ

θ

ψ

Figure 2.1: Diagram of variables used for the fixed-guided buckling beam solution.

vs. deflection data predicted by the model with experimental data from a bistable mechanism and
a thermomechanical microactuator; demonstrating the accuracy of the model.

2.3

Model
The model developed here to predict the reaction forces and displacements of a flexible

beam is made up of two parts. The first is a lateral bending model that accounts for the bending
behavior of the beam, and an axial deflection model to account for the forces being transmitted
through the beam. The bending model calculates the reaction forces due to bending and these are
applied to the axial deflection model to find the displacements due to axial stretching or compression.

2.3.1

Bending Model Derivation
The bending model developed here presents an analytical solution for the higher order

bending modes for a beam with fixed-guided end conditions. The model assumes a constant second
moment of area, a constant modulus of elasticity, and an inextensible beam. The equations for the
lateral bending model derive from the Bernoulli Euler beam theory which states that the moment
in the beam is proportional to the curvature. The Bernoulli Euler equation for the moment in the
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beam at point A in Figure 2.1 is
EI

dθ
= M1 − R(xa ) sin ψ + R(ya ) cos ψ
ds

(2.1)

where ya and xa are the vertical and horizontal coordinates of point A respectively and M, R, and
ψ are defined in the figure. For a coordinate s along the beam’s length,
dya
= sin θ
ds
dxa
= cos θ
ds

(2.2)
(2.3)

Differentiating equation (2.1) with respect to s gives
d2θ
EI 2 = −R cos θ sin ψ + R sin θ cos ψ
ds

(2.4)

Integrating equation (2.4) with respect to θ results in
EI
2



dθ
ds

2
= −R sin θ sin ψ − R cos θ cos ψ +C

(2.5)

Solving for ds in equation (2.5) and substituting into
ZL

L=

ds

(2.6)

sin θ ds

(2.7)

cos θ ds

(2.8)

0

ZL

bb =
0
ZL

ab =
0
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gives the integrals for the displacements
ZL

L=
0

ZL

bb =
0

ZL

ab =
0

√
EI
p
dθ
−2R cos (θ − ψ) + 2C

(2.9)

√
EI sin θ
p
dθ
−2R cos (θ − ψ) + 2C

(2.10)

√
EI cos θ
p
dθ
−2R cos (θ − ψ) + 2C

(2.11)

where bb and ab are the vertical and horizontal displacements of the beam due to bending. Equation
(2.6) assumes an inexstensible beam. To evaluate these integrals we define k such that
C = R(2k2 − 1)

(2.12)

and introduce another variable φ such that


ψ −θ
cos
2


= k sin φ

(2.13)

Manipulating equation (2.13) with trigonometric identities gives
cos (θ − ψ) = 2k2 sin2 φ − 1

(2.14)

Differentiating with respect to φ gives
− sin (ψ − θ )

dθ
= 4k2 cos φ sin φ
dφ

(2.15)

which can be manipulated by substituting equation (2.13) and using trigonometric identities to
obtain





2k cos φ

dθ = dφ  q
1 − k2 sin2 φ
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(2.16)

Substituting equation (2.12), (2.14), and (2.16) into equation (2.9) gives
Zφ2 r

L=
φ1

EI
dφ
q
R
1 − k2 sin2 φ

(2.17)

L2 R
α=
EI

(2.18)

and defining a constant, α, to be

and using the definition of the incomplete elliptic integral of the first kind, F(k, φ )
Zφ

dδ
√
1 − k2 sin δ

(2.19)

√
α = F(k, φ2 ) − F(k, φ1 )

(2.20)

F(k, φ ) =
0

reduces equation (2.17) to

φ1 and φ2 are discussed below. α is the non-dimensional reaction force.
Next, we use trigonometric identities and equation (2.13) to manipulate sin θ to the correct
form to find the vertical end displacement of the beam, bb .
sin θ = sin (θ − ψ) cos ψ + cos (θ − ψ) sin ψ

(2.21)

1

sin θ = −2k cos ψ sin φ (1 − k2 sin2 φ ) 2
+ sin ψ(2k2 sin2 φ − 1)

(2.22)

By substituting the result into (2.10) and following the same substitutions used to find equation
(2.20), elliptic integrals can then be used to solve for the bb .
Again, we use trigonometric identities and equation (2.13) to manipulate cos θ to the correct form to find the vertical end displacement of the beam, ab .
cos θ = cos (θ − ψ) cos ψ − sin (θ − ψ) sin ψ

(2.23)

1

cos θ = 2k sin ψ sin φ (1 − k2 sin2 ψ) 2
+ cos ψ(2k2 sin φ − 1)

12

(2.24)

By substituting the result into (2.11) and following the same substitutions used to find equation
(2.20), elliptic integrals can then be used to solve for the ab . The equations for the end displacements are
bb
−1
= √ {sin ψ[2E(k, φ2 ) − 2E(k, φ1 ) − 2F(k, φ2 )+
L
α
2F(k, φ1 )] + 2k cos ψ(cos φ1 − cos φ2 )}

(2.25)

ab
−1
= √ {cos ψ[2E(k, φ2 ) − 2E(k, φ1 ) − 2F(k, φ2 )+
L
α
2F(k, φ1 )] + 2k cos ψ(cos φ2 − cos φ1 )}
where the non-dimensional displacements

bb
L

and

ab
L

(2.26)

are the vertical and horizontal displacements

respectively. F(k, φ ) is the incomplete elliptic integral of the first kind with an amplitude of φ and
a modulus of k defined above and E(k, φ ) is the incomplete elliptic integral of the second kind,
again with an amplitude of φ and a modulus of k defined as

E(k, φ ) =

Zφ p


1 − k2 sin2 δ dδ

(2.27)

0

For more information on the use and derivation of elliptic integrals, see [28, 29].
In addition to the prediction model for the reaction force and end displacements, the displaced shape of the buckled beams can be found using
−1
yi
= √ {sin ψ[2E(k, φi ) − 2E(k, φ1 ) + F(k, φ1 )}
L
α
−F(k, φi )] + 2k cos ψ(cos φ1 − cos φi )

(2.28)

xi
−1
= √ {cos ψ[2E(k, φi ) − 2E(k, φ1 ) + F(k, φ1 )}
L
α
−F(k, φi )] + 2k sin ψ(cos φi − cos φ1 )
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(2.29)

Figure 2.2: Shows the several bending modes with inflection points. Also shows values of φ1 and
φ2 corresponding to each inflection point of the beams.
where xi and yi are the coordinates of the profile of the beam corresponding to a value of φi which
ranges from φ1 to φ2 .
The non-dimensional reaction moments at the ends of the beam, β1 and β2 , are derived
from the Bernouli-Euler equation at the ends of the beam where
M = EI

dθ
ds

(2.30)

Substituting from equations (2.1) and (2.12) gives
√
M1 L
= 2k α cos φ1
EI
√
M2 L
β2 =
= 2k α cos φ2
EI
β1 =

(2.31)
(2.32)

where φ1 and φ2 are associated with the origin and displaced end of the beam respectively as shown
in Figure 2.2. The variable φ1 can be calculated using
ψ 
1
sin φ1 = cos
k
2

14

(2.33)

The physical significance of the variables k and φ is not readily apparent but the behavior
of this system gives some insight into their meaning. For example, φ is a variable whose value
changes continuously from φ1 at the left end of the beam to φ2 at the right end. The inflection
points of the beam occur when φ is equal to an odd multiple of

π
2

such as

π 3π 5π
2, 2 , 2 ,

etc. as

illustrated in Figure 2.2.
For fixed-guided boundary conditions, the variable φ1 can be related to φ2 by the following
equation
sin φ1 = sin φ2

(2.34)

which has an infinite set of solutions for φ2 for any given φ1 . To determine the value of φ2 for a
given φ1 , the solutions of equation (2.34) are
φ2 = nπ − φ1

if n is odd

(2.35)

φ2 = nπ + φ1

if n is even

(2.36)

and n is the mode of bending predicted. Because the inflection points occur at odd multiples of π2 ,
the mode number corresponds to the number of inflection points in the deflected beam shape. Third
order, (n = 3), and higher bending modes occur in ideal cases but are not encountered in most real
systems due to slight asymmetries of the mechanism or due to asymmetric reaction forces and
moments. Therefore, first, (n = 1), and second, (n = 2), bending modes are encountered during
static bending.

2.3.2

Axial Deflection Model
In addition to the previous equations for modeling the bending behavior of a fixed-guided

beam, a complete model must also incorporate the axial deflection of the beam to correct for the
inextensible assumption made in the bending model. The method here is similar to that used in [15]
for a beam with small deflections. However, it is adapted to solve large deflections. The reaction
force R is transmitted through the beam which either compresses or elongates the beam material.
This change in length affects the overall displacement of the beam and is therefore added to the
displacements calculated with the lateral bending solution above. This approach is accurate as long
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as the displacements due to axial elongation or compression are small relative to the displacements
due to bending. In theory, as the slenderness ratio goes to infinity, the deflection due to the axial
component becomes smaller and so the bending equations become more dominant.
Hooke’s Law was used to determine the equations for axial displacement. The axial strain
in the beam is produced by an axial stress from the axial reaction force. The axial strain εaxial for
an infinitesimal length of the beam with a cross sectional area A is
εaxial =

R cos (ψ − θ )
EA

(2.37)

the total vertical strain εy and horizontal strain εx for an infinitesimal length of the beam are
εy =

R cos (ψ − θ )
sin θ
EA

(2.38)

εx =

R cos (ψ − θ )
cos θ
EA

(2.39)

The total displacement due to axial strain can be integrated with
Z L

ba =

0

εy ds

(2.40)

εx ds

(2.41)

Z L

aa =

0

where aa and ba are respectively the horizontal and vertical displacements due to axial deflection.
Substituting equations (2.20, 2.39, 2.38, and 2.44) gives the beam end displacements in
terms of ψ and θ . The total non-dimensionalized vertical displacement
ba
α
= 2
L
λ

Z1

(cos (ψ − θ ) sin θ ) ds0

is defined as

(2.42)

0

and the non-dimensionalized horizontal displacement
aa
α
= 2
L
λ

ba
L

Z1

aa
L

is defined as

(cos (ψ − θ ) cos θ )ds0

0
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(2.43)

where the slenderness ratio λ is defined as
λ2 =

AL2
I

(2.44)

and where I is the second moment of area of the beam cross section as shown on Figure 2.1. ds0 is
a variable transformation defined by the differential of
s0 = s/L

(2.45)

to non-dimensionalize the displacement equations.

2.3.3

Combined Model
To solve these equations, an iterative solution is needed to solve for φ1 and k in the bending

model above. Either the displacements a and b or the reaction force R and angle ψ must be given
initially. What remain are two equations with two unknowns that can be solved using the Newton
Raphson method. These values, and a numerical list of values of φ between φ1 and φ2 , representing
the values of φ along the beam, can then be used to find θ for any point along the beam with
θ = 2[sin−1 (k sin φ ) − sin−1 (k sin φ1 )]

(2.46)

which is found by integrating equation (2.16). After calculating the values of θ , equations (2.42)
and (2.43) can be numerically integrated to estimate the axial displacement due to tension or compression in the beam. The values of s0 that correspond to θ for a given value of φ and k can be
found using
s0 =

s
1
= √ (F(k, φ ) − F(k, φ1 ))
L
α

(2.47)

In summary, the total displacements of the fixed-guided beam are found by adding the axial and
the bending displacements from equations (2.25),(2.26),(2.42), and (2.43). Therefore, the total
vertical displacement of the beam is
b = bb + ba
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(2.48)

and the total horizontal displacement is
a = ab + aa

2.3.4

(2.49)

Determination of Buckling Mode
An exploration of the beam deflection space reveals that there is a curve in the space which

forms the boundary between the first and second (or higher) bending modes. For beam end deflections above this curve, only first mode solutions are possible. Beam end deflections below the
curve require second or higher modes to be used to correctly model the buckling behavior of the
beam. The boundary curve is formed by choosing the minimum value of k that results in a real
result for φ1 in equation (2.33). This will occur when
r
k=

1 + cos ψ
2

(2.50)

With k determined as a function of ψ, the rest of the model can be calculated to determine the beam
end deflection on the boundary. Several examples of the boundary curve are shown in Figure 2.3
for various slenderness ratios and a unit-length beam. This shift in the boundary location is due to
dependence of the the axial deflection model on the slenderness ratio. These results highlight the
importance of the axial deflection model. Using the demarcation line, the mode shape capable of
reaching a particular beam end deflection is completely determined by the model. In contrast, as
we will show, finite element models normally require application of spurious offset loads to predict
the mode shape.

2.3.5

Computation Methods
This model can be evaluated in two different ways. It can be solved given the horizontal

and vertical displacements a and b, or the magnitude and direction of the reaction force R and ψ.
If the horizontal and vertical displacements of the end of the beam are given, the reaction
force R and angle ψ can be computed. To do so, the values of ψ and k must be found using
a numerical iteration technique on equations (2.48) and (2.49). The process for evaluating these
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equations involves substituting the guess values of ψ and k into equations (2.33,2.35-2.36) to obtain
the values of φ1 and φ2 . Then, k, φ1 , and φ2 are substituted into equation (2.20) to obtain α. The
reaction force for this guess can then be found using equation (2.18). Next, k, φ1 , φ2 and ψ are
substituted into equations (2.25) and (2.26) to obtain bb and ab .
The variables k, φ1 , and a range of values from φ1 to φ2 are substituted into equations (2.46)
and (2.47 to obtain a range of θ and s0 values that correspond to the given range of φ values. The
next step is to substitute α and the range of θ and s0 values into equations (2.42) and (2.43) and
numerically integrate to solve for ba and aa . This implementation used trapezoidal integration to
evaluate these equations.
Now that bb , ab , ba , and aa have been evaluated, they are substituted into equations (2.48)
and (2.49) to obtain the total displacements for a guessed k and ψ value in the iterative technique.
The iterative technique will continue modifying k and ψ to find the values that give a displacement equal to the initial given displacement. The outputs from this analysis are the reaction force
magnitude R and direction ψ which are found during the calculation of the displacement.
If the reaction force magnitude R and angle ψ are given, then k can be solved by iterating
on equation (2.20) after substituting equation (2.33). The variables φ1 and φ2 can then be found
with equations (2.33,2.35-2.36) and applied to equations (2.25-2.26) to solve for the displacements
due to bending. The axial displacement can be calculated using equations (2.42) and (2.43) using
the given R and ψ values and the previously calcualted k, φ1 , and φ2 values, and the range of θ
and s0 values calculated from equations (2.46) and (2.47). The bending and axial displacements
are then combined in equations (2.48) and (2.49) to find the total displacement for a given R and
ψ.
The elliptic integrals used in these solution methods are evaluated numerically using the
method of the arithmetic-geometric mean and descending Landen transformating defined in [29].
This method gives a very fast and accurate evaluation of the elliptic integral functions.

2.4

Results
Figure 2.4 shows a magnitude and direction vector plot of the end force of a unit-length

beam for several displacements of the end of the beam. It also shows the boundary between the
area of second mode buckling, the shaded region, and first mode bending, the non-shaded. The
19

combined model shows that the solutions for both modes meet at this boundary. The vectors show
the difference in magnitude between the second mode region and the first mode region and how
the beam would behave if displaced through these points. Several of the vectors on the outer edge
of the first mode region have been omitted because of their exponentially greater size than those
in the second mode region. As the displacement moves further into the first mode region, the
behavior of the beam becomes more like a beam loaded in tension and less like a beam in bending
as the stress stiffening of the beam contributes to the reaction force. Figure 2.4 also shows that the
force magnitude is nearly constant throughout the second mode region, with only the load angle ψ
changing significantly.
The displaced beam profiles in Figure 2.4 are for a beam of unit length and an arbitrary
slenderness ratio of 43.3. Visually this plot helps demonstrate the behavior of a slender beam
undergoing buckling due to displacement of the end. This information can be critical in the design
of compliant mechanisms where the force-deflection characteristics of flexible members directly
affect the motion of the mechanisms such as those presented later in this paper. The force vs.
displacement profiles of those mechanisms will be dependent on the path through which the beam
is displaced. Depending on the path followed, a mechanism could be designed to be bistable, have
a customizable spring stiffness profile, or even use the buckling mode shape of the beam to perform
a specific function. This non-linear behavior can now be understood and utilized.

2.4.1

Finite Element Modeling
The flexible beam is modeled using the finite element method with fixed-guided boundary

condition that constrains all six degrees of freedom at one end and allows only horizontal and
vertical displacements at the other. The models frequently predict a third mode or higher buckling
mode as shown in Figure 2.5. This phenomenon was encountered in beam, plane strain, and
brick elements. These higher order buckling modes have significantly different force displacement
characteristics than the more realistic second mode and are not usually found in practice. Figure
2.6 shows the second buckling mode in ANSYS obtained by using a small offset force applied to
the center of the beam. This offset force increases the accuracy by inducing second mode buckling
but it slightly offsets the reaction force predictions because it is a non-realistic loading condition.
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Figure 2.3: Plot showing how the demarcation line between first mode and second mode bending
change with respect to the slenderness ratio.
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Figure 2.4: Vector plot of the reaction force magnitude and direction for an array of beam end
displacements. The shaded region corresponds to the displacements that induce second mode
buckling and the unshaded corresponds to first mode. Several displaced beam profiles are also
shown. Plot specific for a beam with an arbitrary slenderness ratio of 43.3.
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Figure 2.5: Screenshot of 2D plane strain beam modeled in ANSYS showing 9th mode buckling.
The right end of the beam is fixed and the left end is displaced in an upper right direction away
from the origin.

Figure 2.6: Screenshot of 2D plane strain beam modeled in ANSYS showing 2nd mode buckling
with an offset force applied to the center of the beam to bias the solution into 2nd mode. The right
end of the beam is fixed and the left end is displaced in an upper right direction away from the
origin.

22

0.7

Contours of Relative Horizontal Force Error
Demarcation
Line

0.6
0.5

2%

4%

0.4

b
0.3

<2%

0.2
0.1
0
0.3

>4%
0.4

0.5

0.6

a

0.7

0.8

0.9

1

Figure 2.7: Contour plot of the relative error between the ANSYS model and the combined model
for the horizontal reaction force predictions for a beam with a slenderness ratio of 100.
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Figure 2.8: Contour plot of the relative error between the ANSYS model and the combined model
for the vertical reaction force predictions for a beam with a slenderness ratio of 100.
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2.4.2

Model Comparisons
The reaction force predictions of the combined bending and axial deflection models were

compared to a finite element model in ANSYS in the second mode buckling region. The model employed beam elements and used a non-linear iterative solver. The range of slenderness ratios tested
were between 34 and 7000. The two models agree to within 10% over 94% of the second mode
buckling region for the horizontal force predictions, and to within 10% over 84% of the region for
the vertical reaction force predictions. The disagreement between the vertical force predictions is
mostly due to the offset force applied to the finite element models to bias the buckling into second
mode. When the vertical displacement of the beam is small, the corresponding magnitude of the
vertical reaction force is also small. The offset force is usually on the same order of magnitude as
the small vertical reaction forces, which makes the vertical force predictions of the finite element
model in that region inaccurate. Figure 2.8 shows the increased relative error between the two
models in areas with small vertical displacements. It should also be noted that the offset force may
bias the buckling when no biasing is necessary which may also decrease the accuracy of the finite
element model. For example, if the beam is in the first mode bending region, the offset force may
bias it into second mode and converge to an incorrect solution.
In addition, the finite element solution requires more iterations to converge near the demarcation line due to the highly non-linear behavior of the beam. This, combined with small reaction
forces near the demarcation line, amplifies the relative error. Figures 2.7 and 2.8 are contour plots
showing the horizontal and vertical force error for the second mode buckling region. These results
are typical for slenderness ratios between 34 and 7000. The models predict similar results over
the majority of the second mode buckling region but caution should be used when relying on the
analyses near the demarcation line. Also, if using the offset force technique in a finite element
analysis, the predictions for the vertical forces with small vertical displacements should be taken
in context with the relative magnitude of the offset force required to induce buckling.
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0mm

h = 12.55mm
t = 1.5mm

1st Stable Position

Figure 2.9: Design of the bistable mechanisms with a slenderness ratio of 161 showing the two
stable positions.

γ

Figure 2.10: Diagram showing the variables used to analyze the bistable mechanism using the
combined model.
2.5
2.5.1

Example Mechanisms
Bistable Mechanism
The bistable mechanism presented here was designed using the combined model, and the

measured force vs. displacement data is compared to the predicted values. The mechanism uses
a series of fixed-guided legs which pass through second mode buckling positions to arrive at a
second stable state, as shown in Figure 2.9. Figure 2.10 shows the variables used in the model to
analyze this mechanism.
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Figure 2.11: Force vs. Displacement curve for an example bistable mechanism showing the stable
and unstable positions, and the locations of the maximum and minimum forces.

Design
In order for the mechanism to be bistable, it must have two stable equilibrium positions
and an unstable equilibrium position. This behavior can be seen on the the force vs. deflection
curve as displacements where the force is equal to zero. Figure 2.11 shows the stable and unstable
positions and the maximum and minimum forces on the force vs. deflection curve of an example
bistable mechanism. In addition to the bistability design constraints, the maximum force needed
to be less than the maximum capacity of the load cell that would be used during testing and a
reasonable safety factor was needed. The combined model was used to compare possible designs
against these constraints. Because of the ease of manufacturing, the mechanism was fabricated out
of a single sheet of polypropylene with a Young’s modulus of 1.379 GPa (200 kpsi), and an out of
plane height h of 12.55 mm (0.494 in). The in-plane thickness t of the thin beams was chosen to
be 1.5 mm. A leg length of 70 mm and angle of 5.5 ◦ were chosen to increase the maximum force
while maintaining the bistability and relatively low stresses of the mechanism. Figure 2.9 shows
the design of the bistable mechanism.
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Figure 2.12: Photograph of the bistable mechanism.

Fabrication
The mechanism was manufactured using a CNC mill with a 1/8” end mill, which left a
small radius on inside corners between the beams and the frame. Figure 2.12 shows a photograph
of the fabricated mechanism. The measured length of the legs did not include the fillet radius at
each end. A small hole was drilled in the top of the frame to allow a small metal rod to pass through,
which would attach the central shuttle to the measuring device. A backing was also attached to
the mechanism to prevent flexing in the frame holding the bistable mechanism. This would help
ensure the fixed boundary condition by maintaining the end of the legs fixed, as required for the
model.

Testing
Testing was done in an Instron tensile testing machine, which applies a given displacement and measures the reaction force of the mechanism. The load cell was calibrated to negate
the weight of the mechanism in the experimental data. The bottom of the frame of the bistable
mechanism was clamped in the Instron machine. A metal rod passed through the hole in the frame
to attach the mechanism’s shuttle to the load cell. The metal rod is shown in Figure 2.12. The
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Figure 2.13: Force vs. displacement of the bistable mechanism with slenderness ratio of 161 compared to two finite element models and the combined model.

displacement was applied at a rate of 0.050 mm/s and the reaction force was measured with a 5.8
lb load cell at a sampling frequency of 20 Hz.

Results
The measured force vs. displacement curve is compared with the combined model in Figure
2.13. The plot shows that the predicted data follows the measured data quite closely. It also
compares the predictions of a 3D brick element ANSYS finite element model with a vertical offset
force of 0.025 N applied to the center of the beam in the negative direction to induce second mode
buckling. In addition, three finite element models were constructed using beam, plain-strain, and
brick elements which, when modeled without the offset force, consistently predicted third mode
or higher buckling. If the loading was performed with the smallest possible displacement steps
starting with the offset force applied and removing it on a later step, the results were the same.
As soon as the offset force was removed, the analysis would again predict third mode or higher
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Inflection Points

Inflection Points

(a) First mode bending.

(b) Second mode buckling.

Figure 2.14: Photographs of the bistable mechanism showing the beam buckling profiles and inflection points.

buckling. The offset force was minimized to minimize the error due to the offset while maintaining
second mode buckling.
Figure 2.13 also shows the contribution of the axial deflection model to the combined model
results. Without the axial deflection model, the bending model alone fails to accurately predict the
behavior of the beam in the first mode bending regions at the beginning and end of the force vs.
displacement curve. This contribution is most significant for beams with smaller slenderness ratios
where axial deflection dominates the first mode bending.
The force vs. displacement curve in Figure 2.13 is a good example of the relationship
between the bending mode and the reaction force of the beams. Figure 2.14(a) is a photograph
showing the first mode bending of the beams. This mode is characterized by one inflection point
and approximately corresponds to the non-linear curves at the beginning and end of the forcedeflection behavior of the bistable mechanism. The linear portion of the curve in the middle of
Figure 2.13 approximately corresponds to the second mode buckling behavior shown in Figure
2.14(b).
Table 2.1 compares the measured values for the maximum and minimum forces, their locations, and the locations of the unstable and stable equilibrium positions to the predicted values
from the combined model. The discrepancies between the measured and predicted values may
have been caused by stress relaxation in the polypropylene [30, 31]. Another factor may be the
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Table 2.1: Comparison between FEA predictions, combined model predictions, and
measured values of maximum and minimum force and stable and
unstable equilibrium positions of the bistable mechanism.
Design Variable
Maximum Force
Minimum Force
Location of Max Force
Location of Min Force
Unstable Position
Stable Position

FEA Combined Measured Units
2.90
3.04
2.66
(N)
-0.559
-0.562
-0.248
(N)
1.43
1.29
1.64
(mm)
8.08
8.07
8.43
(mm)
6.70
6.71
7.16
(mm)
9.74
9.69
9.55
(mm)

non-ideal boundary conditions, due to the fillets at the ends of the legs or possible flexing of the
frame.

2.5.2

Thermomechanical In-Plane Microactuator

Mechanism Description
This second mechanism example is a microelectromechanical system or MEMS microactuator designed and tested by J. Wittwer [22]. This thermomechanical in-plane microactuator (TIM)
was fabricated using a surface micromachining process (SUMMIT) which vapor deposits polysilicon in layers onto a nitride film on a silicon wafer. These layers are separated by a layer of silicon
oxide which is then removed by an etching process leaving polysilicon structures which, depending on the design, can move and conduct electricity. The TIM designed by Wittwer is constructed
out of three layers of polysilicon in a chevron shape as shown in Figure 2.15. As current passes
through the thin beams on the TIM, shown as i on the figure, their temperature increases, causing
them to expand. With the opposed arrangement of the beams, this expansion causes the beams
to buckle to the side, which pushes the center shuttle upwards. Once the legs of the TIM reach
a steady state temperature, they can be modeled as fixed-guided beams with an increased length.
The motion of the TIM is shown as the dotted line in Figure 2.15.
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Figure 2.15: Design of a thermomechanical in-plane microactuator (TIM) with a slenderness ratio
of 692, showing the motion caused by current i heating the thin beams.

γ

Figure 2.16: Diagram showing the variables used to model the TIM with the combined model
solution. The figure also shows the displacement path of the end of the beam as a dotted line. The
dashed lines show the buckling beam profiles.

Results
For this mechanism it is important to know the force vs. displacement along the displacement path of the shuttle to understand how this actuator will function when it interacts with the
system being actuated. Each force vs. displacement data set on the plot was taken with a different
heating current. For more detail on the experimental setup and measurement techniques, see [22].
In order to correctly model the thermal expansion of the beams, a finite difference method was
used to estimate the steady state temperature of any point along the beam [32]. The total linear
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Figure 2.17: Comparison of the force vs. displacement data for a thermomechanical in-plane microactuator and the model predictions. The solid lines represent the combined model solution for
each heating current.

thermal expansion of the beam was
Z L

∆L =
0

αL (T (s))(T (s) − T0 )ds

(2.51)

where the temperature profile T (s) was calculated with the heat transfer model. αL (T ) is the temperature dependent linear thermal expansion coefficient of polysilicon and T0 is the initial ambient
temperature. Figure 2.16 shows the increased length due to the thermal expansion ∆L. The dashed
lines on the figure show the buckling modes of the beam at the beginning and end of the displacement path. This buckling is caused by the opposed arrangement of the beams in the TIM. Though
the beam’s length increases, the symmetry of the TIM prevents the beam from expanding straight
out; instead, it must expand by moving along the dotted line shown in the figure.
Figure 2.17 shows that the model is able to adequately predict the second mode buckling
region of the force vs. displacement curve. The second mode buckling region corresponds to
the linear portion of data on the left side of the 13.3mA and 15mA data set. However, at the
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13.3mA and 15mA current levels, the model predicts a higher force than is measured. A hypothesis
for this difference is that as the temperature of the polysilicon increases, its Young’s modulus
decreases [23]. The model presented here accounts for the temperature dependence of the thermal
expansion coefficient, but it assumes that the modulus of elasticity is constant. As the modulus
decreases with an increased temperature, the force predictions of the 13.3mA and 15mA cases
would proportionally decrease and the prediction would become more accurate.
Finite element models were also able to predict second mode buckling for the TIM but
they required an offset force applied to the center of the beam to induce second mode buckling,
as with the bistable mechanism. Without the offset the finite element model produced a third
mode buckling solution, which only applies to the ideal case of perfect symmetry [22], and an
inaccurate force vs. deflection curve similar to the third mode prediction curves in Figure 2.13
with the bistable mechanism.

2.6

Conclusions and Recommendations
The model developed here presents a method to predict buckling behavior of fixed-guided

beams. It combines an elliptic integral model for the buckling of a flexible beam with a numerical
axial deflection solution. Together these models provide a method for calculating the reaction force
of a beam for a given displacement, or calculating the deflection of a beam given a directional force.
In particular, this model is capable of accurately modeling the beam in both the first and second
mode bending regions with a capability of modeling the higher modes if desired. The model was
used to explore a wide deflection space for a fixed-guided beam. The results showed different
zones of deflection for first and second mode bending. The zones are clearly separated using the
model. While the model compares well with finite element solutions, the finite element model
requires the application of a spurious offset force to model the second mode buckling region. This
offset forces causes disagreement between the two models for regions where the reaction force
magnitude is on the same order of magnitude as the offset force.
Following the development of the model, its predictions were compared to two compliant
mechanisms whose motion require the beams to bend in both first and second mode. There is
adequate agreement between the model and the measured force vs. displacement behavior of the
mechanisms. In both cases the second mode buckling region showed a linear force vs. deflection
33

relationship that was modeled well with the analytical model. In addition, non-linear finite element
models were shown to produce an incorrect solution unless an unrealistic transverse load was
placed at the center of the beam. To further improve the solution for the bistable mechanism, a
correlation to account for stress relaxation of the materials could be developed. Also, in the case
of the TIM, the temperature dependence of the Young’s modulus could be incorporated. However,
despite these minor adjustments, the model follows the behavior of real systems and provides
insight into the motion of fixed-guided beams.
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CHAPTER 3.
A SILICON THERMOMECHANICAL IN-PLANE MICROACTUATION
SYSTEM FOR LARGE DISPLACEMENTS IN AQUEOUS ENVIRONMENTS1

This chapter contains the modeling, design and testing of the complete actuation system
for the nanoinjector. It uses the mechanical model developed in Chapter 2 to predict the force vs.
displacement of the final actuation system. This chapter was submitted to the International Mechanical Engineering Congress and Exposition in 2011 and is presented with some modifications
here.

3.1

Abstract
This paper presents an underwater, silicon, thermal microactuation system capable of mov-

ing a 200µN load to 110µm of displacement. Its function relies on a thermal actuator capable
of 9µm of displacement in an aqueous environment. This actuator is combined with a ratcheting device to achieve the 110µm of displacement. The system is a microelectromechanical system (MEMS) fabricated with a two layer surface-micromachining process, PolyMUMPS. The
actuation system is designed to provide motion to biological microelectromechanical systems
(BioMEMS) in aqueous environments. This paper presents the design and experimental demonstration of the actuation system. The in-depth analysis of the thermal, mechanical, and fabrication
aspects of the actuation system are outlined, and the experimental procedure and test parameters
are discussed.

3.2

Introduction
BioMEMS devices have found application as biosensors, single-cell constraints, DNA in-

jectors for single cells, micro robots to move cells, drug delivery devices, and many others. They
1 THIS

CHAPTER WAS ACCEPTED FOR PUBLICATION IN THE INTERNATIONAL MECHANICAL ENGINEERING CONGRESS & EXPOSITION (IMECE2011-64268) AT THE TIME OF WRITING.
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benefit from the small scale manufacturing capability of MEMS processes. With micron precision, designers have created micro-needles [33], micro-tweezers [3, 34], neurosensors [35], cell
filters [36], cell force testers [37], and robotic cell manipulators [8].
BioMEMS actuators have been manufactured and powered using many different techniques. For example, some use laser powered thermal expansion [34] and joule heating of thermally expanding polymers [4]. Another polymer, Nafion, has also been shown to expand volumetrically when submerged in an electrolytic solution and subjected to an applied voltage [6].
Actuation in an aqueous environment presents several challenges to designers. Traditional
MEMS actuation systems rely on thermal expansion, electrostatic attraction, magnetic forces, and
piezoelectric materials to create motion. They often require large temperatures and/or high voltages to generate a useful displacement. However, in aqueous environments, high voltages lead to
electrolysis and high temperatures lead to boiling. Both of these effects can damage the device
itself or the biological entities in close proximity. These challenges have motivated researchers to
use new materials and techniques to prevent these problems while generating a useful displacement
with the actuator [6, 8, 34, 38].
While the performance of these actuators has been enhanced by using new materials and
processes, they come at the cost of a more complex and expensive fabrication [39]. Work is being
done to increase the precision and repeatability of polymer fabrication methods [40].
The device presented here represents a cost savings, when compared to manufacturing processes still under development, by using a standard MEMS foundry service for fabrication. The
main actuator in the system is based on the design of a thermomechanical in-plane microactuator
(TIM) developed by [25, 41–43]. This initial design and development work was for a TIM operated in air. It is also described as a bent-beam actuator, chevron actuator, or V-shaped thermal
beam array. The actuators used in the actuation system presented here are similar in concept but
redesigned to function in water.
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Figure 3.1: Diagram showing the operation of the thermomechanical in-plane microactuator (TIM)
and its associated design variables.

Table 3.1: Dimensions of the TIM in Figure 3.2
Variable
t
w
L
θ

Value
3.5
4
700
0.5

Units
(µm)
(µm)
(µm)
(degrees)

(a)

(b)

Figure 3.2: Two optical microscope images of an underwater TIM in its fabricated position (a) and
its actuated position (b). Each image only shows one half of the TIM to improve visibility.
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3.3
3.3.1

Modeling and Design
Actuator Design Introduction
Figure 3.1 shows the operation of the TIM. As current passes through the compliant beams,

their temperature increases and they expand. This expansion, and the opposing arrangement of the
beams, causes them to buckle to the side and generate displacement. Figure 3.2 shows one half of
a TIM in its powered and un-powered positions.

3.3.2

Design Constraints
Silicon thermal actuators traditionally use temperature gradients between 300 ◦ C and 800 ◦ C

to obtain a useful amount of displacement [43]. For applications where the actuator can operate
in air, these temperature gradients have no adverse affects. For a TIM operating underwater, however, these high operating temperatures cause boiling on the beams. Due to the micron scale of the
boiling phenomena, the vapor formed on the beams congregate into larger spherical bubbles which
attach to the beams or surrounding structures. The bubbles provide thermal insulation, causing the
portions of the beams surrounded by vapor to easily overheat if a constant heating current is maintained. Figure 3.3 shows the melted beams of a silicon TIM that was operated above the boiling
temperature of water. This behavior was originally characterized by Nukiyama [44]. In addition
to film boiling, the size of vapor bubbles, their growth rates, and their surface tension effects were
observed to have a large impact on the reliability of the heated beams on this scale.
To prevent melting, the maximum temperature of the beams must be kept below the boiling
temperature of water or operated for short pulses to keep the beams from overheating once the
bubbles form. Pulses also reduce the average power requirements for the actuator for systems
where steady state actuation (> 10ms) is not required as in the case of this ratcheting actuation
system. The drawback of operating below the boiling temperature is that it drastically reduces the
total thermal expansion in the beams and consequently, the total displacement of the actuator.
In addition to the boiling constraint, if the voltage used to drive the actuator is above about
1.5 volts (for polysilicon electrodes in distilled water), the water will undergo electrolysis. The
oxygen gas generated on the positive electrode can cause the gold metal layer to delaminate from
the polysilicon layer in the PolyMUMPS process and disconnect the actuator from the power sup38

Figure 3.3: Microscope image of the TIM with beams melted by operating above the boiling point
of water. The nearby bubbles were generated by boiling and electrolysis from the DC voltage used
to power the TIM.

ply. Alternating current can be used to reduce the effect of electrolysis and still provide joule
heating to the actuator [45]. The experimental section of this paper treats this in more detail.
The ratcheting system also has several fabrication constraints. In PolyMUMPS the minimum line width for the polysilicon beams is 3µm and the minimum spacing between lines in
the same layer is about 2.5µm. In addition, interior corners are rounded due to the lithographic
fabrication. As a result, they are less defined than the exterior corners. This particular constraint
becomes critical in the design of ratchet teeth because they define the minimum dimensions of the
ratchet teeth and consequently the minimum displacement that the actuators must undergo. This is
described in further detail in the ratchet design section.

3.3.3

Thermal Modeling
A 3D finite element model was developed to estimate the power requirements and thermal

expansion of the heated beams in the TIMs. The temperature profile along the length of the beams
is used to calculate the total thermal expansion experienced by the fixed-guided beam. This result
is used in the mechanical modeling of the TIM and has a significant effect on the performance of
the actuator. The goal of this analysis was to determine the heat generation required to reach a
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maximum beam temperature of 100 ◦ C and find the temperature profile of the heated beams along
their length.
The beams in the TIM were modeled in ANSYS using a 3D conduction model. Free
convection beneath the beams can be neglected due to the thermally stratified condition of the fluid
between the beam and the substrate.
Experimentally, millimeter scale free convection was observed above the TIM but the millisecond actuation times limited the time for the buoyancy driven flow to develop on this scale.
Additionally, the Rayleigh number for free convection above the TIM is on the order of 102 which
is less than the critical Rayleigh number required for convection in a heated cell and smaller than
the Rayleigh number used in the correlations for a upper surface of a heated plate. Therefore, only
conduction will be considered in this analysis for the fluid surrounding the TIM.
The finite element model showed that 86% of the heat flux from the beams occurs between
the beams and the substrate. This is due to the close proximity of the heated beams to the substrate
and the substrate’s high conductivity. Approximately 8% of the heat flux from the beams is through
the top surfaces of the TIM so the pure conduction model captures the majority of the heat transfer
from the beams. It also accurately predicted the required heat generation withing the beams to
achieve the required thermal expansion in the actuator.

Boundary Conditions
The geometry of the TIM has two adiabatic symmetry planes as shown Figure 3.4 used
to reduce the size of the 3D finite element model. Figures 3.5(a) and 3.5(b) show the boundary
conditions for the top and side views of the TIM. The distance between the constant temperature
boundary conditions and the TIM were determined by increasing the distance until the change in
the beam temperature profile was less than 1% for a 200% distance increase to the boundary.

Heat Generation
The heat generation in the TIM is from the electrical current flowing through the flexible
beams. They are constructed of two polysilicon layers sandwiched together with different sheet
resistances. Figure 3.6 shows the cross section of the beams with the labeled dimensions and Table
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Figure 3.4: TIM with adiabatic symmetry planes shown.
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Figure 3.5: Boundary conditions of thermal analysis of the TIM

Table 3.2: Thickness and sheet resistance of polysilicon
layers that make up the beams
of the TIM.
Poly1
Thickness
2
Sheet Resistance 1-20

Poly2
1.5
10-30

Units
(µm)
(Ω/ )

w
t

t2

Poly2

t1

Poly1

Figure 3.6: Cross section of a flexible beam from the TIM with labeled variables.
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3.2 lists the the layer properties for the first polysilicon layer (Poly1) and the second polysilicon
layer (Poly2) in the PolyMUMPS fabrication process.
The total electrical resistance of the TIM can be calculated using
2L
RT =
nw



ρ1 ρ2
ρ1 + ρ2


(3.1)

where ρ1 and ρ2 are the sheet resistances of the Poly1 and Poly2 layers respectively and n is the
number of legs on one half of the TIM. For example, n = 10 in Figure 3.4. In order to determine
the necessary driving voltage, the desired volumetric heat generation required to achieve the maximum beam temperature of 100 ◦ C must be known. From the thermal analysis, a volumetric heat
generation of 17µW /µm3 resulted in a maximum beam temperature of 100 ◦ C and an average
interior beam temperature of approximately 96 ◦ C. Using this heat generation approximation and
the calculated resistance of the main TIM (3.2-42Ω) using the published sheet resistances ranges,
we can calculate the approximate driving voltage between 10-38 volts. The exact driving voltage is
heavily dependent on the sheet resistivity values of the polysilicon which vary widely from batch
to batch. Table 3.2 lists the range of sheet resistances for the two layers in PolyMUMPS. The
main TIM had a measured resistance of 38Ω and was driven with a 36V signal to achieve 9µm
of displacement which matches the heat generation prediction of 17µW/µm3 from the conduction
model .

Modeling Results
Figure 3.7 shows the temperature vs. position along the length of the flexible beams of
the TIM. The five temperature profiles shown correspond to the five beams in Figure 3.5(a). The
exterior temperature profile corresponds to the beam in Figure 3.5(a) closest to the top and the
interior temperature profile corresponds to the beam closest to the bottom and parallel to the plane
of symmetry. The temperature profiles can be numerically integrated to calculate the total linear
thermal expansion in the flexible beams using
Z L

∆L =
0

αL (T (s) − T∞ )ds
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(3.2)

Temperature vs. Position for TIM Beams
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Figure 3.7: Plot of temperature vs. position along the length of the flexible beams in the TIM
modeled in ANSYS. The roughness is a result of the coarse mesh used to reduce the memory
requirements of the simulation. The interior and exterior labels correspond to the interior and
exterior labels in Figure 3.4.

where αL is the linear thermal expansion coefficient of polysilicon, which is assumed to be constant
over the temperature range of interest 20-100 ◦ C, and ∆L is the change in length of the beam due
to thermal expansion. The first interesting trend in Figure 3.7 is the nearly constant temperature
in the middle of the beam. The second interesting feature is the decreasing difference between the
profiles as they become more interior to the beam array. The beams more interior to the fifth beam
have approximately the same temperature profile as the fifth beam and can be used to approximate
the thermal expansion of all interior beams. This has also been shown by [32] for a TIM in air and
remains a good approximation for the interior legs of a TIM in water.

3.3.4

Mechanical Modeling
The mechanical modeling of the fixed-guided beams in a TIM has been performed using

finite element modeling [46], the pseudo-rigid body model [42], and elliptic integrals [18, 27, 47].
The actuation system presented here was designed using the elliptic integral approach and verified
using finite element modeling. The variables used to model the fixed-guided beam are shown in
Figure 3.8.
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Figure 3.8: Diagram showing the boundary conditions and displacement path of a single fixedguided beam in the TIM. The beam end angle is constrained to zero at both ends. The narrow
dotted line represents the displacement load applied to the beam while the thicker solid and dashed
lines represent the beam shape at those positions.
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Figure 3.9: Force vs. displacement plot of the TIM with an applied current such that the maximum
beam temperature is 100 ◦ C.
Table 3.3: Critical locations on the force vs. deflection curves in Figures 3.9 and 3.10
Stroke
Ratchet
Retract

Displacement (µm)
0.098
9.3
3.1
9.2
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Force (µN)
2.1
0.0
-1.9
-12

Force vs. Displacement Plot of a Single
Fixed-Guided Beam in an Unpowered TIM
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Figure 3.10: Force vs. displacement plot of the TIM with no applied current.

The fixed-guided beam is modeled as a beam with an increased length due to thermal
expansion, with the end of the beam starting at its original unheated position. This is considered
the zero displacement location for the force vs. displacement curves in Figures 3.9 and 3.10. The
dotted line in Figure 3.8 shows the displacement path of the heated beam. The beam shapes in the
figure are typical for a heated beam undergoing first and second mode buckling.
Figures 3.9 and 3.10 show the predictions from both the elliptic integral and finite element
models of the powered and unpowered strokes. It shows the force capacity of a single leg of an
underwater TIM with dimensions in table 3.1. The fixed-guided beams modeled in these plots have
the thermal expansion of an interior leg with a maximum beam temperature 100 ◦ C.
Table 3.3 lists the performance parameters on the force vs. displacement plots that are
critical in a ratcheting application. Figure 3.11 shows the ratcheting (a) and retracting (b) positions
of the ratchet. When power is applied to the TIM, it pushes the ratchet tooth forward to engage
the next tooth on the shuttle. On the cooling stroke, the shuttle is pulled by the TIM from the 9µm
position to the 3µm position where the TIM has some residual pulling force to support the load.
The 3µm position is where the pawl (not shown) ratchets to the next tooth. The 3µm unpowered
position has a retraction force of -1.9µN per leg of the TIM. This force value is used to calculate the
pulling capacity of the actuator by multiplying it by the number of legs in the TIM. This assumes
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Figure 3.11: Drawing showing the basic power (a) and cooling (b) strokes of the power TIM. The
power stroke must overcome the ratchet tooth friction while the cooling stroke pulls the shuttle
attached to the load and overcomes the friction in the pawl.

that all the beams in the TIM have the same thermal expansion which, as is shown in Figure 3.7,
is not exactly true. However, the main actuator in the ratcheting system presented here has 200
legs and the ratio of interior legs to exterior legs is quite large (184/16) so the assumption that all
the legs in the TIM have the same thermal expansion as an interior leg results in an error in the
maximum force calculation of less than 2%.

3.3.5

Complete Actuation System
The actuation system incorporates several of the concepts previously discussed to achieve

110µm of displacement and a 200µN force capacity. The three major components of the system
are the power TIM used to pull the load, the ratchet and suspension, and the release and pawl TIMs
used to disengage the ratchet teeth and pawls from the shuttle when the system needs to be reset.
Figures 3.13 and 3.12 show each of these components. There are two ratchet teeth on the power
TIM which pull the shuttle towards the power TIM, and there are two pawls which engage the teeth
on the shuttle to support the load while the power TIM moves forward to engage the next tooth.
Each ratchet tooth and pawl has a TIM attached to it so that they can be pulled away from the
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Figure 3.12: Drawing of the actuation system showing the arrangement and names of the main
components mentioned in figure 3.13.

shuttle, allowing it to move back to its original position. The design specifications for the power,
release, and pawl TIMs are listed in table 3.4.

Table 3.4: Design dimensions and specifications for the TIMs in the actuation system shown
in figures 3.12 and 3.13. Dimensions are in microns unless specified
otherwise and the variables correspond
to those labeled in figure 3.1
TIM Name
(a) Power TIM
(c) Release TIM
(d) Pawl TIM

# Legs w
200
4
52
3
104
3
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t
L
θ
3.5 700 0.5 ◦
3.5 375 0.5 ◦
3.5 375 0.5 ◦

S
6
5
5

2.5mm

(d)
(c)
(b)

(f)
3.2mm

(a)
(g)

(e)

(b)
(c)
(d)

Figure 3.13: Optical microscope image of underwater actuation system showing the main power
TIM (a), the X-bob suspensions (b), the release TIMs (c), the pawl TIMs (d), the DNA Injector
(load) (e), the ratchet pawl (f), and power TIM ratchet tooth (g).

The Power TIM
The power TIM was designed with maximum retraction force of 380µN. The demonstration load for the actuation system is a single-cell DNA injector being developed at Brigham Young
University. There are two loads in the system that the power TIM is required to move. The first is
the folded beam suspension on the DNA injector which has a suspension stiffness of 1.6µN/µm.
The second is the stiffness of the X-Bob suspension on the shuttle which has a linear stiffness of
1.1µN/µm. These two loads combined at a displacement of 110µm, resulted in a total force of
approximately 300µN. The power TIM was designed with an additional 80µN to compensate for
any friction in the device or modeling inaccuracies.
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Figure 3.14: Microscope image (a) shows the ratchet teeth attached to the power TIM. This is a
magnified view of (g) in Figure 3.12. The slender beams that lead from the ratchet tooth to the
top and bottom of the image are the links to the release TIMs which disengage the ratchet teeth
from the shuttle when powered. Image (b) shows the pawls, the links to the pawl TIMs, and the
reset stops which prevent the shuttle from returning completely to its fabricated position. (b) is a
magnified view of (f) in Figure 3.13

Ratchet Mechanism
The ratcheting mechanism is made from two layers of polysilicon bonded together to make
a 3.5µm thick layer. The ratchet has two pawls and two ratchet teeth on the power TIM. Figure
3.14 shows the pawls, shuttle, and ratchet teeth at a higher magnification.
The dimensions of the ratchet teeth were chosen based on the fabrication constraints of the
PolyMUMPS process. As mentioned previously, the line width, minimum spacing, and interior
corner rounding place a limit on the minimum dimensions for the ratchet and pawl teeth. These
dimensions are directly related to the maximum displacement required by the power TIM. The
rounding effects are shown in Figure 3.15(a) as the difference between the actual tooth edge and the
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Actual Edge

Shuttle

3μm

6μm

Ratchet Tooth
Designed Edge
(a) Poor ratchet tooth design.

Shuttle

Designed Edge

7μm

6μm

Ratchet
Tooth
Actual Edge
(b) Improved ratchet tooth design.

Figure 3.15: Images showing the rounding of the internal corners of the ratchet teeth on the shuttle.
The white dashed lines are the ratchet tooth design on the lithography mask used to make the
ratchet. The images shows the improved angle of the load bearing edge between the design and
the actual tooth in (b).

mask design. The rounding changes the angle of the load bearing area on the teeth and decreases
the load bearing capability of the tooth. Ideally, the load bearing edge would perpendicular to the
load direction to reduce the component of force in the slipping direction. Figure 3.15(b) shows an
improved design that makes the load bearing edge more perpendicular. The length of the teeth in
the displacement direction in both designs was 6µm. If a shorter length was used, the rounding
effect would be increased and the sliding friction would also increase. However, a shorter length
would reduce the displacement required by the power TIM to ratchet to the next tooth.

50

The Release and Pawl TIMs
There are two release TIMs and two pawl TIMs in Figures 3.13 and 3.12. The release
TIMs (c) are attached to the ratchet teeth on the power TIM and the pawl TIMs (d) are attached
to the ratchet pawls. The release and pawl TIMs are designed to eliminate friction between the
ratchet and pawl teeth and the teeth on the shuttle and provide a way to disengage the ratchet teeth
and pawls so the shuttle can return to its initial position. Figure 3.14a shows a magnified view of
the ratchet teeth on the power TIM and the slender beams leading off the top and bottom of the
image to the release TIMs. Figure 3.14b shows the pawls and the beams going off to the pawl
TIMs. To reduce the force required by the power TIM, the release TIMs can be actuated to pull
the ratchet teeth away from the shuttle while the power TIM moves forward. This eliminates the
contact friction between the shuttle and the ratchet teeth.
Because these TIMs simply need to pull the ratchet teeth back 3-5µm from the shuttle,
their required displacement is much smaller than the power TIM. Therefore, their legs are much
shorter than the power TIM and they need less force. Their force and displacement capacity was
also modeled using the elliptic integral solution shown previously.

X-Bob Suspension
A compliant X-Bob suspension was used help maintain the alignment between the shuttle and the ratchet teeth and pawls. It also serves to maintain the linear motion of the shuttle.
The X-Bob concept was initially developed by [48]. The pair of compliant, straight-line Robert’s
mechanisms are shown in Figure 3.13. This suspension is similar to a folded-beam suspension
commonly used in MEMS but has an increased off-axis stiffness. The suspension also provides
additional strain energy to help move the nanoinjector back to its starting position when the pawls
and ratchet teeth are disengaged from the shuttle.

3.3.6

System Operation
To operate the ratcheting system, a moderately complex operation sequence is used to

reduce the required driving voltages and increase the reliability of the actuators. Figure 3.16 and
3.17 show the electrical and physical steps in a single actuation cycle. The first is to actuate the
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Figure 3.16: Plot showing the power sequence of the TIMs with respect to time and relative to the
other TIMs in the system. The letters (a-f) correspond to the operation steps in Figure 3.17.

release TIMs on the ratchet teeth to pull the ratchet teeth away from the shuttle (step (a) in the
Figures). Next, the power TIM ratchets forward to engage the next tooth (b). Then, the release
TIMs are turned off (c) and the pawl TIMs are powered to disengage the pawls from the shuttle (d).
Then the power TIM is turned off to pull the shuttle 6µm (e). Finally, the pawl TIMs are turned
off so the pawls reengage the teeth on the shuttle to hold it for the next cycle (f).
While the design of the pawls and ratchet teeth don’t require the release and pawl TIMs for
the ratchet system to function, it helps reduce the friction between the teeth and the shuttle which
helps reduce the voltage required by the power TIM. However, the slender beams connecting the
release TIMs to the ratchet and pawl teeth significantly increase the friction if the release TIMs
are not powered on. This happens because as the tooth slides against the shuttle to move to the
next tooth, it puts the slender connecting beams in compression which pushes them against the
shuttle. Therefore, the release and pawl TIMs are always actuated so the compressive forces are
eliminated.
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Figure 3.17: Illustration showing the operation sequence of the TIMs. This sequence is designed
to eliminate the tooth friction in the system by pulling the ratchet tooth and pawl away from the
shuttle while the tooth and shuttle are moving. (a) The release TIMs on the ratchet teeth are
powered. (b) The power TIM is powered. (c) The release TIMs are turned off. (d) The pawl TIMs
on the pawls are powered. (e) The power TIM is turned off. (f)The pawl TIMs are turned off.

3.4
3.4.1

Experimental Testing
Setup
Figure 3.18 shows a circuit diagram for the actuation system. Critical componets include

the a 16MHz microcontroller, three double-throw 5V relays, and voltage dividing resistors on each
side of the release TIMs and pawl TIMs. The double throw relays prevent current from flowing
between the power TIM and the release TIMs when either one is unpowered. As is shown in
Figure 3.14a, the shuttles of the three TIMs are connected electrically and mechanically through
the ratchet tooth by long slender beams. If there is a voltage difference between the shuttle of the
power TIM and the release TIMs, current will flow through the slender beams connected to the
ratchet tooth. The double throw relay prevents this by completely isolating the TIMs when not in
use and the voltage dividing resistors prevent it while both are powered by maintaining an equal
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potential on both shuttles while still providing a reduced voltage drop across the smaller TIMs.
Since the release and pawl TIMs require less voltage than the power TIM, the dividing resistors
are used so that a single voltage source can power all the TIMs in phase, for alternating current.

3.4.2

Testing
The power TIM had a measured resistance of approximately 38Ω from a four-wire mea-

surement on the device, and the driving voltage for consistent operation was 36V. The voltage was
generated using a step-down transformer powered by a standard 110 VAC outlet. AC power was
used to reduce the bubbling from a DC signal. Figure 3.16 shows a DC voltage applied to each
of the TIMs but a single 60Hz AC power supply was used to power all three TIMs. The peak AC
voltages corresponded to the DC voltages specified in the figure. The period of a 60Hz input power
signal is approximately 16.7ms which is nearly the same length of the voltage pulses sent to the
TIMs. Consequently, approximately one period of the AC signal is used to power the TIM. Using
a pure DC signal caused some of the beams in the power TIM to fracture upon actuation, possibly due to dynamic loading or rapid bubble generation under the beams due to the high voltages
required.
Bubbling was also a problem for the 60Hz signal so a 50kHz signal was used in an attempt
to reduce the bubbling based on the work of [45] but the bubbling intensity seemed to follow the
rms voltage of the AC signal independent of frequency beyond 15Vrms . Only the range between
60Hz-50kHz was tested due to equipment limitations though some underwater applications have
seen success with frequencies above 1MHz [1]. Below 15Vrms the bubbling was nearly eliminated
with a higher driving frequency (50kHz). However, due to the resistance of the power TIM, a driving voltage of approximately 26Vrms was required to achieve the 17µW/µm3 of heat generation
in the beams and this caused significant bubbling despite a high frequency signal. Therefore, the
60Hz signal was used in short pulses to drive the power TIM and this was sufficient to operate the
device although vigorous bubbling was observed.
The pulse widths in Figure 3.16 were programmed into the ATMEGA328P-PU microcontroller using the Arduino open-source development environment. While the pulse widths were
programmed with the timing shown in Figure 3.16, the actual pulse widths varied due to the delay
in the relays of approximately 600µs and the processing delay of the microcontroller of 500µs.
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Figure 3.18: Circuit diagram showing the microcontroller used to set the correct timing for the
TIMs and the compensation voltage dividing resistors on the release TIM and pawl TIM circuits.

This had the effect of slightly reducing the actual pulse widths but the affect on the performance
was negligible. The button in Figure 3.18 was pressed to trigger the microcontroller to run the
power sequence in Figure 3.16.
Distilled water was used to as the aqueous environment. While a saline solution is is often
used in BioMEMS to provide the proper culturing environment for the biological parts of the
system, distilled water was used as a proof of concept. The possible effects of using saline or other
solutions include raising the boiling temperature of the water, precipitate generation from the near
boiling temperatures of the actuators, and increased leakage current through the solution due to a
higher concentration of ions. Figure 3.19b shows the actuation system displaced to 110µm.

3.5

Conclusions and Recommendations
We have shown the use of an underwater silicon thermomechancal actuator to drive a ratch-

eting actuation system for a BioMEMS device. With the large force capacity of 200µN and long
displacement of 110µm, it can be used to power both large and small BioMEMS systems. The
scalability of the actuators and ratchet system also allow it to be easily designed for different force
and displacement needs by changing the number of legs on the actuator and adding or removing
teeth from the ratcheting system for more or less displacement.
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(a)

200μm
(b)

Figure 3.19: Two microscope images showing the initial (a) and displaced (b) positions of the
actuation system.

While this system was functional, there are a few changes that could improve the performance and reduce the negative side effects. To achieve a sufficient displacement, the fixed-guided
beams in the power TIM were increased in length which increased the required driving voltage
for the power TIM because the resistance increases with an increasing leg length. If a mechanical
displacement amplifier, such as a bent beam amplifier [49,50], were used, the driving voltage could
be decreased and the actuator could still achieve the 9µm needed for the ratcheting system. This
would require more legs on the power TIM to meet the additional force requirements imposed by
the mechanical advantage of of the system. However, the TIM would occupy an approximately
equal area because although the number of legs increase to compensate for the increased mechanical advantage, the lengths of the legs can also decrease because the actuator doesn’t have to provide
as much displacement. ent.
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In addition to the design and modeling of the actuation system, this work explored the limits
of electronic actuation in underwater MEMS. It was found that alternating current helped reduce
the damage to the devices due to electrolysis by reducing the bubbling and gold delamination
caused by the high voltages used. Voltage pulses were also used to further extend the voltage range
for underwater actuation although bubbling was still observed from electrolysis for frequencies
below 50kHz and no data was gathered for higher frequencies. By using a driving voltage less than
15Vrms at a frequency in the kHz-MHz range, electrolysis could be eliminated and the reliability
and speed of the actuation system could be significantly increased. It was also shown that for
reliable operation, the temperature of the heated beams in the actuators should remain below the
boiling point of the fluid to eliminate vapor formation on the beams. This prevents overheating the
beams due to the thermal insulation from the vapor bubbles.
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CHAPTER 4.

4.1

CONCLUSIONS

Contributions
The following list is a summary of the three main contributions of this work.
• An increased understanding of the behavior of fixed-guided beams in their higher order
buckling modes and its application to bent-beam thermal actuators and bistable mechanisms.
• The design of a functioning underwater actuation system capable of driving the nanoinjector
fabricated with the PolyMUMPs process.
• The limits of underwater electronic actuation parameters such as usable voltage signals and
temperatures to prevent device damage, electrolysis, and boiling.
The increased understanding of the buckling behavior of the fixed-guided beams has been

applied in the design of a thermomechanical in-plane microactuator (TIM) designed for use in air
and water and a compliant bistable mechanism. The use of these devices relies on an understanding
of the second mode buckling behavior to accurately predict their performance. The elliptic integral
model developed in chapter 2 shows good agreement with real devices and can be applied wherever
planar fixed-guided beams are used.
The functioning actuation system was capable of driving the nanoinjector, a load of 200µm,
to 110µm of displacement while submerged in distilled water. This design represents a significant
improvement over the manual methods currently employed to move the devices and will improve
the speed, reliability, and repeatability of the nanoinjection experiments. Electronic actuation eliminates operator error and enables high speed computer control and parallelization of the injection
system. In addition, this actuation system can be fabricated alongside the nanoinjector without any
additional post processing or special materials which represents a cost savings over more complex
or less developed fabrication methods.
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Finally, the limits of electronic underwater actuation were explored and found to be limited
to 20 peak volts with a 50kHz fully reversing signal to avoid electrolysis. It was also discovered
that device damage could be reduced for higher voltage actuation (<37V) by using short voltage
pulses (<20ms) but that electrolysis will still occur during these short pulses if the frequency is
less than 50kHz. Frequencies above 50kHz have not been tested by the author due to equipment
limitations but frequencies above 1MHz have been shown by [1, 45] to eliminate electrolysis for
high voltage actuation.

4.2

Future Work
There are several improvements that could be made to the current actuation system design

that could eliminate electrolysis and reduce the size of the system. First, the system was conservatively designed with moderate safety factors on the force and displacement capacity of the
actuators which could be optimized to reduce the amount of current needed to drive the actuators.
Friction measurements could provide a better estimate of the force required in excess of the load
being driven. Also, the current TIM design has legs with an in-plane width of 4µm which increased
the force of the actuator and also increased the out-of-plane displacement of the TIM. The out-of
plane thickness of the TIM is only 3.5µm which biases the actuator to displace out of plane rather
than in-plane due to the reduced moment of area in the out-of-plane direction. The width of the
legs should be the minimum line width for double thickness structures in the PolyMUMPs process
of approximately 3µm. In addition to this decreased width, some precautionary staples or sliders
could be attached to the shuttles of the TIM and the main shuttle on the X-Bob suspension. This
would help the ratchet teeth to remain aligned especially when they are supporting large loads.
The ratchet teeth themselves also could be subject to further investigation to explore the
possibility of reducing the length between teeth and thereby reducing the required displacement
from the actuators. This could significantly reduce the size of the actuator and required driving
voltage by reducing the lengths of the beams in the TIM.
Electrolysis in the final design could also be eliminated by using a TIM with shorter legs
and a bent-beam displacement amplification technique employed by [49, 50]. High frequency
current should still be used to reduce the electrolysis even at the lower driving voltages. From
preliminary analysis, an amplification of about 2.5 would be sufficient to provide the 9µm of dis60

placement required by the ratchet from a TIM with legs approximately 300µm long. By shortening
the legs, the displacement of the TIM is reduced but the force capacity increases. By optimizing
this relationship and the mechanical advantage of the bent-beam amplifier, the real estate required
by the actuator could be minimized while still supporting the required load from the nanoinjector
and eliminating electrolysis.
Other topics of future work could be testing the effect of the electric actuation on the viability of the biological organisms in close proximity to the actuators as well as the effect on the
aqueous environment from the thermal input. Further studies could also be conducted to quantify
the maximum actuation speed and fatigue life of the system and the feasibility of parallel operation
of the nanoinjectors.
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